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INTRODUCTION

“Plasma boundaries play a decisive role in space physics. For the obser-
vationalist they represent "landmark" surfaces across which particle popula-
tions and plasma-wave phenomena often vary quite drastically. For the theo-
rist they represent partitions between regions of space in which very differ-
ent dynamical interactions can occur. Moreover, plasma boundaries can be of
intrinsic theoretical and observational interest because of dynamical phenom-
ena that are unique to interfaces and that cannot occur in the relatively
uniform plasmas on either side. Such phenomena ultimately impart structure
to plasma baundaries and require one to speak rather of "plasma boundary lay-
ers" in space. Thus, the "boundary" comes to be recognized as the theoreti-
cal idealization, whereas the "boundary layer" takes on a genuine observa-
tional significance.

There are many examples of idealized plasma boundaries in space. A
planetary magnetopause, for instance, separates the outward-flowing magneto-
sheath plasma from the stationary (or convected) magnetospheric plasma. In
the "closed model" the magnetopause also separates the interplanetary (solar)
magnetic field from the planstary magnetic field. The bow shock (detached
and upstream from the magnetopause) separates the relatively undisturbed in-
terplanetary solar-wind flow from the partially thermalized magnetosheath
plasma (see Figure 1). The heliopause (not shown in Figure 1) is a shock
(evidently of radius r ~ 100 AU) believed to separate the relatively undis-
turbed solar-wind flow from the thermalized interstellar plasma. Sector
boundaries separate regions in which the radial component (B,) of the inter-
planetary magnetic field is positive from regions in which B. < 0. Localized
discontinuities in the magnitude and/or direction of B often seem to accom-
pany (or propagate in) the solar wind as interplanetary disturbances. Within
a rotating magnetosphere, one may find a virtual discontinuity (known as the
plasmapause) in the density of cold (~ 1-eV) plasma. Beyond the plasmapause
one may find a sharp gradient in the density of hot (~ 10-keV) plasma associ-
ated with the plasma sheet. The plasma sheet carries an azimuthal electric

MAGNETO-
SHEATH

Figure 1. Distribution
(shaded areas) and flow pat-
tern (solid arrows) of mag-
netospheric plasma in the
equatorial plane. Dashed
arrows indicate electric-
current pattern. The plas-
masphere is the shaded re-
gion inside the plasmapause. ;
Field lines beyond the mag- i
netic cusp are "open", form- §
ing a neutral-sheet config- i
uration maintained by plasma ‘
sheet currents. The plasma

< sheet extends also onto
Méﬁiﬁ? closed field lines.

PLASMA-
PAUSE

I
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current (see Figure 1) that supports a virtual discontinuity in the direction
of B beyond some “cusped" field 1ine on any nightside meridian. Field lines
emanating from the planet poleward of the "cusped" field lines are ideally
open and form the planet's magnetic tail. Such field lines can carry an out-
flow of ionospheric plasma known as the polar wind, but they can also support
a convective plasma flow (across analogous to that which occurs on closed
field lines. Convection on open eld lines generally proceeds toward the
neutral sheet (which separates the two lobes of the tail) but is profoundly
affected by planetary rotation, as will be seen below. Convection in general
is driven by an electrostatic field that seems to result from a dissipative
interaction between the interp]anetary plasma and the magnetospheric plasma
in the presence of their respective B fields. The magnetospheric mapping of
electrostatic fields is contingent on the conductivity of the magnetospheric-
{onospheric plasma, which ultimately fails at the bottom of the fonosphere
because of recombination.

The present work is primarily a survey and review of recent theoretical
progress in the identification and characterization of these various plasma
boundaries in space. It 3hould be unnecessary to remark that there exists no
overall theory of such plasma boundaries in general. There are some unifying
principles, of course, but one really must construct each type of plasma
boundary on paper in order to identify the plasma-dynamical interactions that
affect it. Questions of stability can be addressed only within the framework
of an utterly self-consistent Vlasov (or collisional) equilibrium that in-
cludes all of the relevant forces. Such questions are treated admirably by
Mikhailovskii (1974) and Hasegawa (1975), and are not of primary concern in
the present work. Similarly, the structure of planetary ionospheres is well
covered by Bauer (1973) and is not addressed in detail here. Finally, the
subject of traveling interplanetary discontinuities is best summarized by
Burlaga (1974) and the references cited by him. Such phenomena are undoubt-
edly important in their cumulative effect upon the medium, but the major em-
pnasis of the present work is on permanent structures (plasma boundaries)
having fairly definite locations in space.

MAGNETOPAUSE

The traditional calculation of the shape of the magnetopause (Midgley
and Davis, 1963; Mead and Beard, 1964) postulates a specular reflection of
the incident so]ar wind. Such an approach proves useful in many applications
but it discounts (a) the effects of particle gyration and drift within the
magnetosphere and (b) the effects of collective behavior by the incident so-
lar wind plasma. When the incident solar-wind protons and electrons are al-
lowed to enter the magnetosphere and gyrate, it is found (Bird and Beard,
1972) that many of them become quasi-trapped by the geomagnetic field and
drift across the equatorial nightside magnetosphere. The direction of drift
is 1ike that in the ring current (yielding a westward current in the earth's
and Mercury's magnetospheres, eastward in Jupiter's), and so has the effect
of elongating field lines that emanate from the polar regions. Thus, the
Vlasov-equilibrium magnetosphere already contains an incipient magnetic tail,
although its field 1ines are not quite "open". Incidentally, the superposi-




Figure 2. Schematic repre-
sentation of the gyration
and azimuthal drift (solid
curve) of an equatorially
mirroring proton, with as-
sociated current patterns
(dashed arrows) and magnetic
field perturbations (AB).

tion of gyration and drift currents can lead to an opposing current density
at the inner edge of a current sheet (see Figure 2).

The observation (Ness et al., 1964; 1975; Wolfe et al., 1974) of a bow
shock upstream from each planetary magnetopause casts doubt on the fundamen-
tal validity of an individual-particle approach to the magnetopause problem.
Thus, Spreiter et al. (1966) have examined the opposite extreme: a gas-
dynamical model of the interaction. ihe individual-particle and gas-dynamic
approaches are likely to bracket the truth of the matter. Although neither
approach appears justified fundamentally, the collective behavior of a col-
lisionless plasma should lie somewhere between these opposite extremes.

In addition to the above aspects, however, there is also a dissipative
(frictional) aspect to the interaction between solar wind and magnetosphere.
This arises essentially because of instabilities in thz conceptual Viasov
equilibrium outlined above, in which the solar-wind plasma is streaming rela-
tive to the stationary magnetospheric plasma. The two plasmas overlap some-
what because of particle gyration, and this spatial overlap allows them to
interact in the boundary layer. Eviatar and Wolf (1968) have analyzed one
such instability, in which the relative flow velocity is parallel to the mag-
netic field B. One might reasonably expect an even stronger instability on
those portions of the magnetopause where the relative flow velocity has a
component normal to B, and especially so if the interplanetary magnetic field
is antiparallel to the magnetospheric B, field there. Such instabilities are
well-known in the laboratory (e.g., Barrett et al., 1972), and the consequen-
ces of antiparalle! interplanetary and geomagnetic B fields are well-known in
space (e.g., Crooker, 1975). Mendillo and Papagiannis (1971) have offered a
semiquantitative description of the manner in which such instabilities can
generate (via charge separation) a magnetospheric electric field that drives
sunward "convection" on closed field lines. Stern (1973; 1975) has shown how
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Figure 3. Schematic repre-
sentation of interplanetary
and geomagnetic field lines
in the "open" model (solid
curves) and in the "closed"
model (dashed curves). In-
terplanetary field lines
(solid curves) depart from
the plane of the diagram at
the magnetopause (outermost
dashed curves) in the "clos-
ed" model.

the connection of magnetospheric B-field lines to "mov1nq" interplanetary
magnetic field lines can generate » such an electric field in the magneto-
sphere.

Dissipation at the magnetopause tends to b]ur the classical distinction

Anderson, 1970) between the "closed" and "open" models of the magneto-

spﬁere Interp]anetary field lines in the "closed" model are draped around
an identifiable magnetospheric surface, such that none can be traced to an
intersection with the earth. Conversely, all tail field lines in the "open"
model ultimately become interplanetary field lines, with the consequence that
those emanating from the appropriate polar cap of the earth can be traced to
an intersection with the sun (see Figure 2). The distinction is susceptible
to theoretical analysis. If one were to prepare a dissipationTess "equilib-
rium configuration" as this is usually understood in plasma kinetic theory,
it would have to be the "closed" model. The "open" model, by contrast, is
inherently dissipative. However, the "closed" model is probably unstable,
and the associated instabilities lead to spatial and temporal fluctuations of
the current density on the boundary (i.e., on the magnetopause). The mag-
netic fields associated with these fluctuations combine with the equilibrium
magnetic field to form a new configuration in which as many as half of the
tail field lines may be "open" at any given time. The other half at least
will be closed, but the field-line connections are random. There is no way
to predict precisely which tail field lines will be "open" and which will be
"closed" to interplanetary access.

BOW SHOCK AMD HELIOPAUSE

The bow shock (see Figure 1) is evidence of collective plasma behavior.
Its location can be predicted quite adequately by means of fluid theory
(Spreiter et al., 1966) but it is much thinner than the ordinary collisional
mean free path, as given (for example) by Spitzer (1962). The observed




thickness is determined by an effective mean free path (/) of the plasma's
sonstituent particles in the presence of plasma turbulence generated in the
shock front. However, the effective mean free path upstream from the shock
is very long, and so there is nothing to prevent magnetosheath- or shock-
associated particles from traveling far upstream. Such upstream particles
are readily observed in front of the earth's bow shock (Anderson, 1969; Lin
et al., 1974; Reasoner, 1975). Indeed, particles associated with Jupiter's
bow shock have even been observed on a spacecraft at r ~ 1 AU when the space-
craft was connected to Jupiter by an interplanetary magnetic field line (Kri-
migis et al., 1975; Mewald: et al., 1975).

The heTiopause (or heliosphere boundary) has not yet been observed in
situ. It is a shock that should form at r ~ 100 AU, where the dynamical
pressure of the solar wind is balanced by the pressure of the interstellar
plasma, cosmic-ray gas, and magnetic field, rather than by the magnetic field
of a planet. An outstanding review of this subject is given by Axford
(1972). For the heliopause to be observable by future spacecraft, it must
ge:i=rate enough plasma turbulence to produce an effective mcan free path / <«
100 AU. Experience with various planetary bow shocks, however, leaves little
doubt that the boundary of the heliosphere will in fact be observable.

INTERPLANETARY SECTOR BOUNDARY

Pneuman and Kopp (1971) have described the magnetohydrodynamic (MHD) ex-
pansion of hot plasma from a nonrotating sun with a magnetic dipole moment.
Their result corresponds to the streamline (and interplanetary B-field) con-
figuration shkown in Figure 4. An annular current sheet perpendicular to the

Figure 4. Deformation of a
dipole field from within by
e e an idealized solar wind, in-
' cluding formation of annular
neutral sheet. Model is
symmetric about the dipole
axis (dashed line), but so-
+ ) = lar rotation is neglected in
order to make B¢ vanish.
T Field and streamline distri-
bution is based on a numeri-
I cal MHD calculation by Pneu-

B G man and Kopp (1971). Arrows

indicate direction ofj&




dipole axis separates adjacent region; of oppositely directed %, It 1s a
neutral sheet (a surface on which %L in the 1imit shown. The magnitude
of B, however, has a nonvanishing 1imit as one approaches the neutral sheet
from above or below.

It 1s tempting to identify the neutral sheet of the Pneuman-Kopp model
topologically with the "boundaries" that separate "sectors" of opposite po-
larity (sgn B r) in observations (Wilcox and Ness, 1965) of the interplanetary
magnetic fie1d The neutral sheet would necessarily be warped by higher mul-
tipoles (e.g., the quadrupolar component) of the solar B field (Schatten,
1971; Schulz, 1973; Svalgaard et al., 1974) and t11ted’5} any inclination be-
tween the dipole axis and the rotation axis. These effects in combination
are qualitatively able to account for the various "sector" patterns commonly
observed, and also lead naturally to the observed correlation (Rosenberg and
Coleman, 1969) between sgn B, and he11ograph1c latitude. Moreover, the sec-
tor boundary (used in the singular. in view of Figure 4) in this model is
part of the boundary between closed and open field lines. Since the solar-
wind flow velocity u vanishes along the closed field lines, it would not be
surprising to find @ smaller velocity u along the open field lines immediate-
ly adjacent to the sector boundary (neutral sheet) than at higher heliograph-
ic latitudes. Such a variation of y with latitude is indeed a property of
the MHD model (Pneuman and Kopp, lgyﬁ) and is also observed in space (Wilcox,
1968) in the sense that uis appreciably larger in mid-sector than near a

“sector boundary".
Neutral sheets in space are subject to electromagnetic plasma instabili-
ties which are collisionless variations on the "tearing mode" of Furth et

(1963). The details are poorly known and may involve a hierarchy of in-
stabl]ities (Coroniti and Eviatar, 1975) in which small-scale turbulence sim-
ulates the plasma resistivity required in the theory of Furth et al. (1963).
Alternatively, there may be a "bootstrap" mechanism whereby the "tearing
mode" itself creates the anomalous resistivity. The effect of the "tearing
mode"” is to introduce random connections between field lines separated by the
idealized neutral sheet, i.e., to broaden the region of field reversal and to
override the condition that B = 0 there. Despite the anomalous resistivity
associated with these effects, the heliomagnetic sheet current cannot be
driven (in the steady state, at least) by an azimuthal electric field. In
view of the azimuthal symmetry of the problem, such an electric field must
have a line integral 2mrE, and so could arise only from a temporal variation
of the magnetic flux enclosed by a heliocentric circle of radius r in the
aquatorial plane.

PLANETARY NEUTRAL SHEET

There is a superficial resemblance between Figure 4 and a similar view
(Dessler and Juday, 1965; Ness, 1969) of the night side of a planetary mag-
netosphere. Planetary neutral sheets should be subject to about the same in-
stabilities as interplanetary ones. However, planetary neutral sheets are
not azimuthally symmetric. They are limited in longitude, and (once the a-
forementioned dissipative interaction between the solar wind and magnetopause
has been "turned on") they are subjected to an electrostatic field in the di-

-10-




_—r ” ” —

rection of the sheet current. Such an electric field tends to make the plas-
ma sheet thinner than it otherwise would be, since the electric field causes
plasma convection (drift at velocity c E x B/B) toward the region of field
reversal. The plasma sheet is observed to become thinner in the early stages
of a magnetospheric substorm (e.g., Siscoe, 1975). Perhaps this is a direct
result of the increased E that must accompany the increased dissipation of
solar wind at the magnetopause when the interplanetary B field acquires 2
southward component (opposing the generally northward geomagnetic field at
the boundary). If one seeks to analyze the stability of a planetary neutral
sheet, the presence of the azimuthal electric field E (parallel to the sheet)
leads to a Vlasov equilibrium that is highly non-uniform in the direction of
j;(Cow1ey, 1973). The observed plasma sheet is not at all like this, but in-
stead resembles superficially the uniform plasma column of a gaseous dis-
charge (e.g., Brown, 1959). This analogy suggests that the ultimate insta-
bility analysis of the plasma sheet must include the anomalous resistivity
due to plasma turbulence as part of the "equilibrium", as in the "bootstrap"
approach mentioned above. Incidentally, Bowers (1973) has shown that the
Cowley (1973) equilibrium is subject to a two-stream instability.

PLASMAPAUSE

It proves convenient (and reasonably accurate) to derive the aforemen-
tioned electrostatic field E from a potential of the form V(L,$) = (L/L7)"x
EiL"a sin @, where n = 2 for L < L* and n = -1/2 for L 2 L™ (Volland, 1975).
The parameter a represents the planetary radius, and the ordered pair (L,®)
identifies a field line. There is a discontinuity in the meridional compo-
nent of E at L = L™ in this model.

Co13:p1asma drift_trajectories are identified by superimposing upon V(L,
@) the potential (-S?azBO/cL) associated with planetary rotation (angular ve-
“ocity ), where Boa3 is the planetary magnetic moment and ¢ is the speed of
iight, and seeking equipotentials of the total. One of these equipotentials
is singular in the sense that it separates equipotentials that can intersect
L = L” from those that cannot. The singular equipotential (which is usually
1dentified with the plasmapause in theoretical analyses) can be found by lo-
cating the point at which the total electric field (convection plus rotation)
vanishes in the dawn-dusk meridian (@ =+m/2). If there is no such point,
then the singular equipotential is that which just grazes L = L™ along this
meridian and on which L € L™ at all other longitudes. Siscoe and Chen (1975)
nave introduced the term “omegapause" for the singular equipotential (and
"omegasphere" for the volume enclosed by it) in order to avoid tacit prejudg-
ments concerning the density of cold plasma. y

Most investigators prior to Volland (1975) had taken n = 1 and L™ =
for analytical purposes. More complicated forms of V(L,¢) had been handled
numerically, of course (e.q., Wolf, 1975). However, it is found for arbi-
trary n that the above form of V(L,9) yields a plasmapause that can be traced
analytically as ¢(L). Examples for n = 1 and n = 2 are shown in Figure 5
(cf. Roederer, 1970; Volland, 1975). A plasmapause that just grazes L = L*
at @ = -7/2 had been sketched qualitatively by Brice and loannidis (1970).
This situation prevails at Jupiter, but not at the earth (except perhaps at

11-
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Figure 5. Polar plot, L/L* vs. ¢, of plasmapause locations (solid curves la-

beled by values of cE,L"¢/ RaB;) for two models of V(L,®) on closed field
lines (L < L¥).

times of extermely small Kp, the index of geomagnetic activity). It is found
in general that the case n = 2 corresponds more nearly than n = 1 to the ob-
served shape of the earth's plasmapause. The model plasmapause becomes more
nearly symmetric in azimuth (@) as n is increased.

Drift boundaries analogous to the plasmapause can be identified also for
particles of nonvanishing energy. Approximations for this purpose have been
developed by Kivelson and Southwood (1975). Such drift boundaries may help
to account for the configuration of the inner edge of the plasma sheet (shown
schematically in Figure 1), which represents the 1imit of penetration for
particles from the neutral-sheet region that have gained access (presumably
by turbulent spatial diffusion) to the closed field lines that lie earthward
of the cusp. Kennel (1969) proposes alternatively that particle precipita-
tion via pitch-angle diffusion 1imits the convective access of the plasma
.gheet across closed field lines.

CONVECTION ON OPEN FIELD LINES

Although applied by Volland (1975) to a dipolar B field, the foregoing

.

modei for V(L,p) arises naturally when one examines a B-field model in_which '

the p91§r field lines are open. One such model, namely B = B jz[(a/r)3z -
(2/3L7)°z], was introduced by Dungey (1961) and has recently been resurrected
(Stern541973; Hi1l and Rassbach, 1975) for study of the interaction between

wide
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Figure 6. Meridional (noon-

%€ /8 =k midnight) section of magne-
tospheric model used by Hill
and Rassbach (1975) for map-

L=t 2 Eai® ping E and B. Open field
lines ¢ correspond tal 21%,
and the azimuthal (¢) compo-
nent of E/By is directed as

-, o€, /8, shown.
IL* P K P =1J

magnetosphere and solar wind. Representative field lines of the model are
shown in Figure 6. The above form of B corresponds to a uniform field plus a
dipole field. Many investigators 1nterpret the uniform part as the inter-
planetary B field. Such an interpretation seems m1sleading, however, since
it 1mp11es that the presence of a magnetospheric tail is contingent on an in-
terplanetary field that is parallel (rather than_a3t1para11e1) to the dipole
axis (-z). It is more realistic to view By(2/3L")> as a magnetospheric pa-
rameter that depends only indirectly on the interplanetary field. Thus, one
should view the surface defined by L = L at r 2 3L"a/2 as the magnetopause
and postulate a field B outside the magnetopause, where € (<1 in absolute
value) is a constant, Tﬁe interplanetary field thus has an asymptotic inten-
sity B; = - €B (2,3L 37, and the discontinuity in magnetic field at the mag-
netopause is supported y azimuthal currents flowing on the magnetopause.
The case € < 0 corresponds to an interplanetary field that is antiparallel to
the dipole axis, but the magnetosphere has a tail nevertheless. The case il-
lustrated in Figure 6 corresponds to € = 0, since it shows no field lines (B
= 0) outside the magnetosphere. 172

The potential V(L,¢) = (L/L*)” E1L ‘a sin ¢ postulated by Volland
(1975) for L 2 L™ corresponds to an asymptotically uniform electric field £
-0.3849E,y across the tail of the magnetosphere (Hill and Rassbach, 1975)
The distance from the axis of the t?ig (i.e., from the field line L = ] 518
given asymptotically by p = (3L*/L)V/2(3CF 72) This means that (L™/L)
and ¢ are natural polar (cylindrical) coordinates for tracing drift trajecto-
ries in the tail. Cold-plasma trajectories are 1d§ntified as above by trac-
ing the equipotentials of V'(L,¢) = V(L,¥) - (Qa°By/cL). They turn out to
be concentric circles offset from the axis of the ta11 (see Figure 7). The
circles degenerate to straight lines in the 1imit of a nonrotating planet
(approximated by Mercury) The plasma drift on open trajectories (those that
intersect L = L) is directed from day toward night, i.e., toward the portion
of the magnetospheric surface (L = L*) that is topolog1ca11y equivalent to
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Figure 7. Polar plot, (L"‘/L)V2 vs. @, of cold-plasma flow patterns in the
magnetospheric tail for selected values of cE,L"“/ 2aBy (qualitatively repre-
sentative of the three planets indicated). TAe pattern is that seen by an
observer looking toward the planet from far downstream in the northern lobe
of the tail (i.e., from z = +o© in Figure 6).

the neutral sheet. If one scales to the various magnetospheric parameters of
Jupiter, it is found that a major portion of the zenomagnetic tail is adia-
batically isolated from the usual plasma source (solar wind and magneto-
sheath). In other words, the common center of Jovian plasma-drift paths is
fougd to lie well inside the tail. One might conclude, other things (such as
B.a®) being equal, that a nonrotating Jupiter would have had a much denser
tgil plasma. Alternatively, one might look to planets such as Jupiter (in
which rotation dominates convection) for examples of tail plasma derived
}arge1y from the planetary ionosphere (Axford, 1970) rather than from the so-
ar wind.
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THE IVAN A. GETTING LABORATORIES

The Laboratory Operations of The Aerospace Corporation is conducting

experimental and theoretical investigations necessary for the evaluation and
application of scientific advances to new military concepts and systems. Ver-
satility and flexibility have been developed to a high degree by the laboratory
personnel in dealing with the many problems encountered in the nation's rapidly

developing space and missile systems, Expertise in the latest scientific devel-

opments is vital to the accomplishment of tasks related to these problems. The
laboratories that contribute to this research are:
Aerophysics Laboratory: Launch and reentry aerodynamics, heat trans-

fer, reentry physics, chemical kinetics, structural mechanics, flight dynamics,
atmospheric pollution, and high-power gas lasers.

Chemistry and Physics Laboratory: Atmospheric reactions and atmos-
pheric optics, chemical reactions in polluted atmospheres, chemical reactions
of excited species in rocket plumes, chemical thermodynamics, plasma and
laser-induced reactions, laser chemistry, propulsion chemistry, space vacuum
and radiation effects on materials, lubrication and surface phenomena, photo~
sensitive materials and sensors, high precision laser ranging, and the appli-
cation of physics and chemistry to problems of law enforcement and biomedicine.

Electronics Research Laboratory: Electromagnetic theory, devices, and
propagation phenomena, including plasma electromagnetics; quantum electronics,
lasers, and electro-optics; communication sciences, applied electronics, semi-
conducting, superconducting, and crystal device physics, optical and acoustical
imaging; atmospheric pollution; millimeter wave and far-infrared technology.

Materials Sciences Laboratory: Development of new materials; metal
matrix composites and new forms of carbon; test and evaluation of graphite
and ceramics in reentry; spacecraft materials and electronic components in
nuclear weapons environment; application of fracture mechanics to stress cor-
rosion and fatigue-induced fractures in structural metals.

Space Sciences Laboratory: Atmospheric and ionospheric physics, radia-
tion from the atmosphere, density and composition of the atmosphere, aurorae
and airglow; magnetospheric physics, cosmic rays, generation and propagation
of plasma waves in the magnetosphere; solar physics, studies of solar magnetic
fields; space astronomy, x-ray astronomy; the effects of nuclear explosions,
magnetic storms, and solar activity on the earth's atmosphere, ionospherc, and
magnetosphere; the effects of optical, electromagnetic, and particulate radia-
tions in space on space systems,

THE AEROSPACE CORPORATION
El Segundo, California

/8




